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NUCLEAR DATA AND MEASUREMENTS SERIES
The Nuclear Data and Measurements Series presents results of studies in
the field of microscopic nuclear data. The primary objective is the
dissemination of information in the comprehensive form required for
nuclear technology applications. This Series is devoted to: a) Measured
microscopic nuclear parameters, b) Experimental techniques and facilities
employed in data measurements, c) The analysis, correlation and interpre-
tation of nuclear data, and d) The evaluation of nuclear data. Contribu-
tions to this Series are reviewed to assure a high technical excellence
and, unless otherwise stated, the contents can be formally referenced.
This Series does not supplant formal journal publication but it does pro-
vide the more extensive information required for technological applica-

tions (e.g., tabulated numerical data) in a timely manner.
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*
The Delayed Neutron Yield of 238U and 241Pu

by
J. W. Meadows

Argonne National Laboratory, Argonne, Illinois 60439, U.S.A.

ABSTRACT

The total delayed neutron yield for 238U and
241Pu were observed as a function of the incident
neutron energy. The measurements extend from 2.5 to
5 MeV for 238U and from 0.15 to 5 MeV for 241Pu.

The average ratio of the 241Pu delayed neutron yield

to that of 238y 15 0.292 + .022.

*
This work was performed under the auspices of the U.S. Energy Research
and Development Administration.



I. INTRODUCTION

A knowledge of delayed neutron yields from neutron
induced fission is essential to the understanding of re-
actor kinetics and, with the advent of the fast breeder,
delayed neutron data for the plutonium isotopes are of
increasing importance. Recent Surveys of the available
data by Cox1 and Tuttle2 show that the delayed neutron
yield of 239Pu is well determined below 4 MeV incident
neutron energy but there are few measurements for the
heavier isotopes. The only 241Pu measurement below 4
MeV was by Cox3 who reported 0.0154 + ,0015 for thermal
neutron fission.

Another important isotope is 238U. Krick and Evans4
have shown that the delayed yield is independent of
energy below 5 MeV, and the surveys show a number of
measurements in thig énergy range. The results are wide-—
ly scattered. Absolute measurement:sl’s—8 range from

9,10 are also in

0.037 to 0.0484 and relative measurements
Poor agreement. The data falls into two groups as illusg-
trated in Fig. 2, 1f the adjusted values given in Refer-
ence 2 are used the higher g1:oup7-9 averages 0.0477 while
the lower group1’6’10 averages 0.0436.

This experiment was undertaken when three 241Pu sam-
ples, originally intended for transmission measurements,
became available. The two heavier samples were enclosed
in an aluminium capsule and used to measure the delayed
neutron yield and itg energy depgndence. The initial
measurements on 23 U were made in order to become familiar
with the experimental method. The large delayed neutron
yield, availability, and ease of handling made it ideal
for this purpose. The 238U Measurements were later ex-
tended to several samples of different dimensions in order

to check the correction procedures.
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This paper reports the current status of these

measurements.

IT. EXPERIMENTAL METHOD AND PROCEDURES

The basic technique was similar to that developed
by Masters, Thorpe and Smith7. A fissionable sample
was bombarded by neutrons from a source modulated on
and off with a period much less that the half-life of
any known delayed neutron precursor. After irradiation
had continued for a time long compared to the longest
precursor half-life the delayed neutron emission rate
reached an equilibrium value which was essentially inde-
pendent of time. The delayed neutrons were then
counted by a detector operating in the intervals when
the source was off.

The equipment used was originally developed by
Coxll and is shown schematically in Fig. 1. Neutrons
generated by the 7Li(p,n)7Be reaction caused fissions
in the sample and the delayed neutrons were detected in

the 10

BF3 counter assembly. A fission chamber directly
behind the sample monitored the neutron flux. The pro-
ton beam was accelerated by the Argonne Tandem Dynamitron
facility. The beam was modulated by deflection plates in
the injector or at the exit of the accelerator. Both
methods worked equally well. Measurements were taken at
source to monitor distances of 2.59, 3.86, and 5.13 cm
using two timing sequences. In one the sample was bom-
barded for 4.428 msec. A delay of 2.644 msec permitted
the 10BF3 counters to recover. The delayed neutrons were
then counted for 4.428 msec. After an additional 0.5
msec the cycle was repeated. In the second sequence the
corresponding intervals were 35.55, 7.00, 35.55 and 3.50
msec. Background counts were made in a similar manner

but with the sample removed. Spontaneous fission neutrons
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were counted with the sample in place and the neutron
source turned off.

The neutron detector was an array of BF3 counters
in a polyethylene moderator, as shown in Fig. 1. The
detector stability was checked several times a day by
counting a Pu-Be(o,n) source in a standard geometry.

The diameters and weights of the samples are
listed in Table III and the isotopic analyses are

e 241Pu sample consisted of two

given in Table I. Th
disks enclosed in an aluminum capsule with 0.025 cm
thick ends and 0.13 cm thick sides. The samples were
originally designed for transmission measurements and
did not have the optimum dimensions for delayed neutron
studies. As a result the corrections for fissions by
scattered neutrons and for neutron multiplication were

large. The sample originally contained 93.77% 241Pu

but at the time of the measurement the 241Am content
had grown to 7.2%. The 238

pleted uranium. One of them (U~238-4) was about the

U samples were made from de-

size of the 241Pu sample and was enclosed in a similar

capsule.

The neutron flux monitor was an ion chamber con-
taining 2.54 cm dia. deposits of 235U or 238U. The
chamber was lightly constructed to reduce neutron
scattering. The two types of deposits were used be-
cause some of the correction factors discussed in the
next section were significantly different, but the
masses were not independently determined. The mass of
the 235

and was confirmed to within 17 by comparing the alpha

U deposit was measured in a previous experiment12

decay rate with that calculated from the half-lives
given in Table II. The mass of the 238U deposits were

obtained by comparing their fission rates at 2.5 MeV to
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several 235U deposits. The method is described else-
wherelz. Three monitor deposits were used; a 235U
with 81.3 ug uranium/cm2 and two 238U deposits with

501 and 364 ug/cm®.

ITII. DATA ANALYSIS

The delayed neutron yield in terms of delayed

neutrons per fission in the sample is

m C
d €Eg Tc m m :

number of delayed neutron detector counts.

m = multiplication and capture factor for de-

layed neutrons in the sample.

€ = neutron detector efficiency.
g = duty cycle of the delayed neutron detector.
Tc = transmission and scattering factor for de-

layed neutrons in the fission chamber.

Cm = number of monitor counts.
fm = correction factor for loss of monitor

counts in uranium deposits and for pulses
below the discriminator level.
R = the number of fissions in the sample per
monitor fission.
The principal problem is the determination of R.
It may be readily calculated for the samples where
scattering and multiplication is negligible but this
1s rarely the case in practice where a significant
fraction of the fissions in both sample and monitor
are due to scattered and fission neutrons. R may be ex-

pressed as

x ]
fth i Gi N?
R = o
fen ZG N®
i i1



Spectively and

Ni = (Di + Si + Mi)Tsi

fth= factor to account for fissions due to thermal
and other room return neutrons,

Gi = fraction of incident Neutron associated with
the ith neutron groupe

Di = first collision fissions in the isolated Sam~

Ple or monitor pPer source neutron,
S, = fissions Produced by Scattered neutronsg per
Source neutron,
M. = fissions caused by Prompt fission neutrons
from the sample per source neutron,
Tsi= transmission coefficient for Sample and fission
chamber wall
If the sample ig a single isotope then Eqs. (1) and
(2) give the true delayed neutron yield. However, the
24 U sample is g mixture of isotopes so additional cor-

rections are required. The observed delayed neutron

<Ox>i = the fission Cross section of the sample
averaged over neutron group 1.
<Uj> = the fisgion cross section of isotppe 3 aver-

aged over neutron group 1,

YiJ = the delayed neutron yield of isotope j aver-
aged over neutron group 1.
Fi = the isotopic fraction of i.

Eq. (3) can be readily solved for a particular Yij'
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The Scattering and multiplication corrections were
calculated by 3 Monte Carlo procedure and include elastic
and inelastic Scattering by the sample, sample capsule,
the lithium target support plate, and the fission chamber.
Total, elastic, inelastic and fission cross sections were
taken from ENDF/B—IVIG. Experimental angular distribu-
tions17 were used for elastic scattering but all inelastic
Scattering was assumed to be isotropic. The delayed
neutron yields of 239Pu, 240Pu, 242Pu, and 241Am were as-—
sumed to be independent of eénergy. Experimental values
were used for 239Pu and 24OPu but the 241Am and 242Pu
values were based on systematics 1’2. The values used are
listed in Table TI. Three neutron groups were considered
in Eq. (2). These were 7Li(p,n)7Be (g.s.), 7Li(p,n)7Be*,
7Li(p,n3He)4He18. A scattered neutron group and a fission
neutron group were added for Eq. (3).

Most of the remaining correction factors were deter-
mined experimentally. The room return factor, fth’ was
due to thermal or near thermal neutrons and was negligible
for 238U. It was measured by pulsed beam and fast timing
techniques and ranged from 1.01 to 1.03 for 235U, depend-
ing on the neutron source to sample distance. The monitor
counts correction factor, fm’ accounted for counts lost
below the discriminator level and for fission fragments
that were emitted at such large angles they did not emerge
from the deposit. The correction was obtained by extrapo-
lating the fission spectrum to zero and by measuring the
specific fission rates for a series of uranium deposits
ranging from 40 to 500 ug/cmz. The factors ranged from
1.029 for the 235U deposit to 1.157 for the thicker 238U

235U factor was significant.

deposit. However only the
Since the 238U masses were based on their fission rates

relative to 235U their fm factors canceled; The delayed
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neutron transmission factor was calculated. It was
very nearly 1.0 since the in- and out-scattering al-
most canceled.

Some typical values of the correction factors are
listed in Table IITI. Their dependence on sample dimen-
sions emphasize the desirability of choosing these
dimensions to minimize the effects of Scattering and
multiplication. Table IV shows the corresponding de-
layed neutron yields for 238U. There may be some de-
pendence on sample size, but the effect, if any, is
comparable to the uncertainty in the measurements. The
generally good agreement is evidence of the reliability

of the Scattering corrections.

IV. SOURCES OF ERROR

A summary of the estimated errors is given in
Table IV. The 241?u results are based on 235U and 238U
monitors so there is a 5% error which is essentially
the error in the ratio of the 241Pu to 235U fission
cross sections. The 238U delayed neutron vields was
measured with 3 238U monitor so there is no problem
with relative fission cross sections, The 238U to 235U
fission cross section was used in measuring the mass of
the 238U deposits, but that error is small12 and is in-
cluded in the deposit weight error. The error due to
the uncertainty in th7 relative intensitieg of the
neutron groups are small because the fission cross
sections and delayed neutron yields have little energy
dependence. All the errors were added quadratically,
Errors due to uncertainties in the delayed neutron
spectra and in the energy dependence of the detector
efficiency have not been established so they are not in-

cluded.
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V. RESULTS

Only relative values are reported due to uncer-
tainties in the energy dependence of the delayed neutron
detector. The average of all measurements given in
Table IV was normalized to the 238U value of Masters et al.
as modified in Reference 2,

The energy dependence of the delayed neutron yields
are shown in Fig. 2. Krick and Evansa have shown that the
delayed neutron yield for a number of isotopes (including
238U but not 241Pu) is independent of energy below 4 or 5
MeV. The 238U results are in good agreement with thelr
observations. The behavior of 241Pu is similar above 1
MeV but the delayed neutron vield shows a decided peak near
0.3 MeV, It cannot be explained as a statistical anomaly.
The relative errors are too small (3-4%) and the behavior
is too systematic. Still there is no readily apparent

reason to expect 241Pu to exhibit an energy dependence that

differs from 235U or 239Pu

This apparent energy dependence may actually be a re-

D% L
flection of errors in the ZAIPu to 23"U fission cross sec=

tion ratios. A number of measurements have been r'caport:edly.-12
K;ppeler and Pfletschinger21 have extensive measurements be-
low 1 MeV, Snith,20 Smith and Nobles23 have data from 0.12

to 21 MeV but their values below 1 MeV are larger than those
of Kappeler and Pfletschinger by as much as lu¥, Fission
cross section ratios calculated from the ENDF/B-IV data set
tend to follow the results of Smith et al, above 1.5 MeV

and those of Kappeler and Pfletschinger below 1 MeV. Thus

it is very probable that the ENDF/B-IV ratios are in error

as far as shape is concerned. When the 241Pu delayed neutron

vields are calculated using the 241Pu to 235U fission cross

section ratios of Smith et al. the peak near U.3 MeV disap-
pears. -

Recently Behrens and Carlsonza

sults for the 241 235

reported prelimina -
Pu to .

U fission cross section ratios
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from U.1 to 30 MeV. These are larger than the
EWDF/B=1IV values near U.3 MeV and smaller above 1.5 MeV.
When the 2":l}“u delayed neutron yilelds are calculated using
these results the peak near U.3 MeV is no longer signifi-
cant,

If the delaved neutron yields have no energy depend-
ence bhelow 4-~5 MeV all data in that energy range may be

averaged. When this is done for 241Pu those values are ob-

tained depending on the set of 241Pu to 235U fission cross

section ratios used to calculate the yields. They are

Smith et al, 00,0137 0011
Behrens et al. 0.0145 * ,0009

1+

The uncertainties do not include the normalization error,
If the ENDF/B-IV result i8 used the ratio of the ZAIPu de~
layed neutron yield to that of Z38U is

24

Y 1Pu)/Yd(Z38U) = 0.292 % .022

d¢
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TABLE I

Isotopic Composition of the Samples and the
Delayed Neutron Yields of the Contaminants

Atom Delayed
Isotope % Neutron
Yield

U-238 Pu-241

Sample Sample
U-235 0.22 0.01702
U-238 99,78
Pu-239 0.6 0.00662
Pu-240 3.0 0.0096%
Pu-241 86.5
Pu-242 2.7 0.024°
Am-241 7.2 0.0045°

a. Reference 2.

b. Estimated from systematics. References 1 and 2.
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TABLE II

Composition and Half Lives for the Uranium

Moni

tor Deposits

Atom % Half Life

Isotope in

U-235 U-238 Years

Monitor Monitor

U-234 0.856 2.455x10° 2
U-235 93.249 6 ppm 7.038x10% P
U-236 0.332 2.342x107 ©
U-238 5.526 100.00 4.468x10° P
a. Ref. 13
b. Ref. 14
c. Ref. 15
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TABLE III

Neutron Scattering and Multiplication

Corrections at 2.5 MeV

Sample U-238-1 U-238-2 U-238-3 U-238-4 Pu-241
Diameter, cm| 2.540 2.540 2.540 1.688 1.688
Weight,g. 9.897 19.58 48.26 15.31 11.46
S;/D; 0.066 0.092 0.155 0.128 0.157
Mi/Di 0.009 0.014 0.028 0.022 0.077
m 1.0 0.998 0.997 0.997 1.052
X
£ 1.0 1.0 1.0 1.0 1.01
Monitors
T, 0.947 0.912 0.816 .93 .95
U-238
m,. m
s1/D] 0.055 0.075 0.123 0.059 0.082
MT/DT 0.004 0.008 0.015 0.007 0.009
£, 1.0 1.0 1.0 1.0 1.0
oh ) ; ) ) )
U-235
m,. m
slln1 0.075 0.102 0.169 C.086
MT/DT 0.008 0.014 0.030 0.022
m
£or 1.01 1.02 1.03 1.01
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TABLE IV

Delayed Neutrons Per Fission for 2.5 MeV

Neutrons Incident on U-238

Sample No 1 2 3 4 Average
Monitor | Distance
cm
U-238-60 2.540 . 0497 .0504 .0466 .0489
3.81 .0477 L0477 L0471 .0475
5.08 .0502 .0469 .0486
U-238-59 3.81 .0512 .0521 .0502 .0512
U-235-5 3.81 .0492 .0475 .0468 .0478
Average L0494 .0496 .0478 .0466
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TABLE V

Summary of Errors

241

U Pu

Statistical 1-2 % 1-2 %
Scattering Correction 1-5 2-3
Monitor Deposit Weight 2 2
Relative Fission o 0 5
Dimensional Errors 2 5

Total 3-6 % 7-8 %
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Fig. 1.

Fig. 2.

FIGURE CAPTIONS

A schematic diagram of the experimental setup.

The 238U and 241Pu delayed neutron yields. The 238U

results are for sample No. 4. The data is normalized
to the 238U delayed neutron yleld of Masters et al.7
as described in the text. The open circles (0) are
the results of this experiment, () reference 7, (1)
reference 8, (A) reference 6 (X) reference 1, and

(Q®) reference 3.
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